Background: Spinal manipulation (SM) has been shown to have an effect on the pressure pain threshold (PPT) in asymptomatic subjects, but SM has never been compared in studies on this topic to a validated sham procedure. We investigated the effect of SM on the PPT when measured i) in the area of intervention and ii) in an area remote from the intervention. In addition, we measured the size and duration of the effect. Method: In a randomized cross-over trial, 50 asymptomatic chiropractic students had their PPT measured at baseline, immediately after and every 12 min after intervention, over a period of 45 min, comparing values after SM and a previously validated sham. The trial was conducted during two sessions, separated by 48 h. PPT was measured both regionally and remotely from the 'treated' thoracic segment. Blinding of study subjects was tested with a post-intervention questionnaire. We used mixed linear regression with the baseline value and time as covariates. If a significant difference were found between groups, then an effect size would be calculated using Cohen's d or Hedge's h coefficient. Statistical significance was set at p < 0.05. Results: Study subjects had been successfully blinded. No statistically significant differences were found between SM and sham estimates, at any time or anatomical location. Conclusion: When compared to a valid sham procedure and with successfully blinded subjects, there is no regional or remote effect of spinal manipulation of the thoracic spine on the pressure pain threshold in a young pain-free population.
Introduction
Background Spinal manipulation (SM) can be defined as a high velocity low amplitude forced manoeuvre applied to spinal joints outside the range of motion but within the normal range of anatomical joints, sometimes accompanied by a characteristic cracking sound [1] . It can be compared to a mobilisation, which also is defined as a type of manual therapy with a comparable execution and similar clinical results, but applied slower and/or repetitively over the joints within the range of motion and within the patient's control [2, 3] SM has been shown, sometimes, to have a clinical impact in the treatment of musculoskeletal pain [4] , although the mechanisms underlying the reduction of pain are not yet well defined. Such mechanisms can be studied by the means of experimentally induced pain.
Spinal manipulation and experimentally induced pain
Asymptomatic subjects Experimentally induced pain can be used both in clinical and pain-free populations. The advantage of using study subjects from the asymptomatic population is that it makes it possible to deal with the 'normal' situation, as they are likely to have a normally functioning pain management system; as opposed to people with chronic pain, who are likely to have a dysfunction of the descending pain inhibitory mechanisms [5] . Therefore, studies of asymptomatic and symptomatic subjects may provide different insights on the treatment for pain. Also, changes in pain perception arise late in life [6] with a decrease of pain sensitivity, so purely experimental studies are often performed on young asymptomatic people.
Pressure pain Pain can be induced in many ways in laboratory-controlled conditions, one of the most common being pain induced by pressure. The pressure pain threshold (PPT) is defined as the minimal pressure that provokes pain or discomfort [7] . PPT is commonly used in pain research. As everybody has a pain threshold, regardless pain status, PPT can be used also on pain-free subjects. It is tested using an algometer, which measures the exact pressure applied in a specific location, making it possible to determine the precise threshold.
Regional and remote effect of spinal manipulation on the pressure pain threshold A previous systematic review on studies including asymptomatic subjects [8] showed that SM could significantly and more consistently reduce pain induced by pressure, as opposed to other kinds of induced pain, at least when testing the pain sensation in the same area as the manipulated zone or along the same dermatome ('regionally'). More precisely, 12/20 studies included in the review showed a positive effect on the PPT when measured regionally, and 5/9 studies reported a remote effect (i.e. outside the manipulated area or its dermatome) on experimentally induced pain [8] . Unfortunately, none had a blind assessor, making it impossible to completely trust the results.
More knowledge is thus needed concerning both the regional and remote effect of spinal manipulation.
Spinal manipulation compared to a sham procedure "Credible" sham procedure In research on the effect of manual therapy, the question of a "credible" sham procedure is challenging, as study subjects can easily deduce if they are treated or not. A recent systematic review [9] on the effect of SM on the PPT in the area corresponding to the SM (i.e. 'regionally') included an assessment of the credibility of the sham procedures in eight randomized controlled trials, by taking into account the psychological part of the placebo (i.e. can the subjects spot the difference between the "real" intervention or the placebo?) but also the physiological part of it (i.e. do the physical aspects of the sham procedure resemble the "real" intervention?). A completely "credible" placebo would fulfil both criteria. It was found that, in these studies when compared with a reasonably "credible" placebo procedure, a positive regional effect of SM was found as measured on the PPT. Surprisingly, no significant regional effect was reported when the placebo procedure was not considered credible at all. The credibility of the sham could be an important factor to consider when dealing with manual therapies studies, because the credibility of the placebo seems to affect the results.
Another factor to consider with sham interventions is the need to use a "thrust" to mimic the "real" intervention as much as possible, which means that it must be delivered outside the range of spinal joints. A recent study assessed the credibility of such a sham with a lateral and light "thrust" on the scapulae rather than on the thoracic joints. It was validated immediately after each of 12 treatment sessions over 3 months by post-treatment questionnaires with more than 80% of success (i.e. more than 80% of the subjects did not spot the difference between a "real" intervention and the sham intervention) [10] . Previously, it has been unusual that researchers check whether the sham intervention was recognized as such, or whether study subjects were 'fooled' by the procedure. Therefore, the effect of SM on PPT in asymptomatic subjects should be challenged by a validated sham procedure.
Size and duration of the effect of spinal manipulation
Previous analyses of eight randomized controlled trials that had investigated the regional effect of SM on the PPT in asymptomatic subjects showed the effect size to be 'medium' (Cohen's d: 0.2-0.5) immediately after the intervention. Five minutes after intervention, the effect size was 'mainly large' (Cohen's d ≥ 0.8), and it was 'mainly medium' 10 min after intervention [11] . Therefore, it was concluded that the effect was probably rather short-lasting but should be investigated for a longer period, as the included studies did not continue their measurements further than 30 min. Clearly, more information is needed on the element of time.
In conclusion, more knowledge is needed concerning the regional and remote effects of spinal manipulation, when compared to a valid sham procedure, as well as we need to know more about its duration and size, starting with asymptomatic subjects. For these reasons, we conducted a study on asymptomatic subjects to obtain answers to the following questions:
What is the effect of spinal manipulation on the pressure pain threshold when being compared with a valid sham procedure when measured i) in the area of intervention and ii) in an area remote from the intervention? If there is an effect, what is its i) size and ii) duration?
Method

Design, ethics committee and registration
This study is a randomized sham-controlled trial with a cross-over design. The experiment took place in a research laboratory at the Institut Franco-Européen de Chiropraxie in Ivry sur Seine, France, from September 2017 to October 2018, with breaks over the school holidays. This report deals with the second part of a larger study, in which data were collected to investigate the effect of SM on both i) the autonomic system and ii) pain perception in asymptomatic individuals. Thus, the present report deals only with information relevant to the pain perception study. For more details, please see Picchiottino et al., 2019 [12] . The study was approved by the ethics committee EA 4532 of the University Paris Sud UFR STAPS, Orsay, France (October, 2016), registered as a clinical trial at https://clinicaltrials.gov (Registration NCT03776708), and, as required by French law, insured by HDI global assurance (N°01012787-14,009).
Study protocol
The experiments were carried out during two separate sessions. In the first session, subjects were randomly divided in two groups to receive either SM or a placebo procedure ('sham') by choosing a sealed and non-transparent envelope in an opaque box. They would thus choose the order of interventions at the first visit. The second session took place 48 h later, when the subjects received the second type of intervention, SM or placebo, the opposite to what they received the first time ( Fig. 1 ). The second session was scheduled at the same time of the day as the first session, the duration of each being about an hour.
Each session started with a short period of rest. This was followed by the PPT measurements recordings before any intervention, both in the thoracic and in the lumbar spine, after which either SM or a sham intervention took place. These PPT measurements were repeated every 12 min, i.e. in total four times after each intervention over a period of 45 min (Fig. 2) .
The experiment took place in a room with a stable and comfortable temperature with subjects lying prone on a treatment table. A 'fake' measurement of the PPT was done on the subjects with an algometer before the beginning of the study to initiate them to the procedure and to prevent anxiety.
A licensed chiropractor performed the interventions. The PPT assessor was trained for more than an hour in the use of the algometer, as previously recommended [13] . This person was blinded to the group allocation of study subjects. The study subjects could not see their own PPT readings, to prevent them from consciously affecting their values. They were instructed not to communicate with the investigator about the intervention they received.
The collected data were used to see if the PPT increased more after SM than after a sham intervention.
Study subjects consisted of first-year chiropractic students, who theoretically could be biased. as they were not naïve to SM. This required careful considerations. The procedures relating to them will therefore be explained in detail below.
Recruitment
With the permission of the College, posters and presentations were distributed at the beginning of the academic year to spark an interest in the students for research projects. Students potentially interested in the study were invited to come to the research laboratory, where an information letter was given to them, including the informed consent sheet they would have to sign to participate. They were explained the potential risks of the interventions and their rights to withdraw at any moment. All information linking the study subjects to their data was protected during the experiment and destroyed at the end of the study. No individual student could therefore be identified in the data file after the experiment nor in the final report.
Inclusion and non-inclusion criteria
Included in the study were consenting, asymptomatic students between 18 and 40 years old. 'Asymptomatic' was defined as having no pain in the tested area. Further, they should not report having had any spinal pain lasting more than a month, having taken painkillers 24 h prior to the study, or having received manual treatment during the previous 48 h. There should be no contra-indications to spinal manipulation, such as instability (fracture, malformation), bony or ligamentous fragility, or local inflammation. Informed consent was obtained from potential study subjects by the treating chiropractor.
The data collection also included autonomic nervous system variables [12] , so the students were informed not to ingest food, caffeine, alcohol, or tobacco in the hour prior to the sessions, as well as not to perform intense physical activity the day of the experimentation.
Spinal manipulation and sham procedure
The SM was performed on all participants at the level of the fifth thoracic vertebra (with a margin of palpatory error), making sure this was a pain free area on light palpation. The maneuver was of high velocity with low amplitude, oriented posterior to anterior, with the contact hand placed over the transvers process area of the c vertebra.
In order to imitate the SM to a maximum, the sham procedure consisted of a manual contact on the right medial angle of the scapula with both hands. After putting the tissues briefly under tension, a slight movement with a thrust was performed, respecting the scapula-thoracic sliding planes laterally without influencing the spine. It was considered by us to be a "credible" sham procedure, as it resembles an actual act of thoracic manipulation being performed over the back and included manual contacts and movements used in manual therapy but lacked the precise action over a spinal joint. We selected this method to confuse the study subjects, who had been told that they would be subjected to different manipulative techniques. An almost identical version of this method has been previously validated with good results [10] .
Blinding
The study subjects were first year chiropractic students. Throughout their undergraduate studies, these students will be exposed to several types of spinal manipulations. However, in their first year of study they would be unlikely to have enough knowledge and experience of manipulation to know about the various types that exist and, therefore, unlikely to discover a well performed sham intervention, if it was not directly contrasted to manipulation (i.e. manipulation vs. sham).
These subjects were therefore told that the aim of the study was to assess the outcomes of different efficacious techniques used in manual therapies, and that they would receive the same type of intervention during both sessions. During the random allocation procedure, they had the choice between six envelopes (to reinforce the idea that there were many intervention possibilities). They were also not informed of their treatment allocation throughout the study.
With this procedure, we made sure they were naïve to the exact objectives of our study with the intent to blind them to the type of intervention.
Further, the study subjects responded to a questionnaire at the end of each session to see what their beliefs regarding the effectiveness of each intervention was (see Additional file 1). A completely blinded subject would have the same beliefs for both interventions, and might even suppose the sham more effective than the real SM. As reported later, the results showed that they had been successfully blinded.
Algometer
An algometer type 2 (SOMEDIC Electronics, Sweden) was used to take these measurements This algometer has a circular metal tip of 1cm 2 , which is to be applied perpendicularly to the skin with a normalized speed (the pressure exerted is 50 kPa/s). Subjects were instructed to press a switch, when they felt the gradual pressure turning into pain. The reading was then frozen at this level, as indicated on the screen of the algometer, then transferred manually onto paper and then entered in Excel software. Data were entered separately and blindly by two people and then checked for accuracy. These data were stored, unchangeable and confidential.
Measurements
The algometer is reported to have good reliability [14, 15] , sensitivity [15] and specificity [15] , which makes it a simple and efficient tool to use, after training the assessor [15] . It was calibrated frequently during data collection to ensure precise values of the PPT. We performed three PPT readings at 30 s interval, at each time of recording, as recommended [16] and at each site. The brief pause between readings is necessary to avoid sensitization of the skin. A cut-off pressure value of 1000 kPa was set for safety purposes [17] .
Statistical analysis Preliminary analyses
Data were analyzed with Stata (version 15.1) software. We ensured the blindness of the statistician by deidentifying the intervention groups (called A and B). Sample size calculation was performed using a repeated measures approach. We found that we would need 43 subjects in each group to show at least a difference of 15% of change between groups ('supposed' percentage of clinical significance [18] ), with the mean pressure pain threshold of 500 kg/cm2 at baseline. However, as this minimum clinical difference of the PPT is not clearly defined [18] , the basis for this power calculation was purely speculative.
Descriptive data were presented as means and standard deviation for each group, at baseline and at the subsequent follow-up times. The distribution of the data was assessed visually with histograms and boxplots. A secondary analysis, where sex was included as covariate, was performed using mixed regression, and we tested for period-group interaction, with p = 0.1.
Subcutaneous fat could affect pain produced by pressure but there were no obese people in this study (Additional file 2). Therefore, BMI was not included in the analysis, although it might well be relevant in other study populations.
Age could influence pain perception, but the range in our study subjects was too narrow to be of any importance. We did not include any psychological variables such as fear avoidance, as we did not think this likely to have an influence on purely experimental pain without any previous suffering or secondary effect on life-style and psychological profile.
Testing the effect
We used linear mixed models with random intercept to estimate the adjusted difference in PPT between SMT and sham at each follow-up time point. A separate repeated-measures model was created for the regional and remote PPT outcomes. The dependent variable was the mean of three PPT measurements taken at each time point, the independent variable was intervention (SMT/ sham), and the covariates were the session baseline and time. If a significant difference were found between groups, then an effect size would be calculated using Cohen's d or Hedge's h coefficient [11] . Statistical significance was set at p < 0.05.
Results
Descriptive analysis of data
Fifty-one study subjects (male n = 23 and females n = 28; mean age 20 (+/− 3); range 18-37, (with one subject aged 37) were recruited and randomly assigned into a spinal manipulation group (n = 26 in the first session, i.e. equal allocation) or a sham procedure group for the first session. Thus, study subjects served as their own controls, switching to the other type of intervention at the second session.
Data were removed from the final analysis for one study subject because of malfunction of the algometer, resulting in 50 participants for the analyses of the regional PPT tests. For the remote PPT testing, another four subjects were excluded: one, because the lumbar region was painful at the second session and three because they had PPT values over 1000 kPa.
The post-trial questionnaires showed that 78% of the subjects had the same beliefs for both interventions or (although rarely) thought the sham superior to SM, suggesting a successful blinding (Table 1, rows A, B, C) . The distributions were found to be within the 'normal' ranges both for the regional and remote values. No period-group interaction was found (p > 0.25).
1/ Is there a regional effect of spinal manipulation on the pressure pain threshold when compared to a valid sham in asymptomatic subjects over time?
The adjusted differences in PPT readings between SM and the sham procedure at regional and remote sites over time are shown in Table 2 . The estimates were similar between groups and no statistically significant differences were found between groups at any of the follow-up times (p > 0.05).
2/ Is there a remote effect of spinal manipulation on the pressure pain threshold when compared to a valid sham in asymptomatic subjects over time?
The adjusted differences in PPT readings between SM and sham procedure at regional and remote sites over time are shown in Table 3 . There were somewhat larger differences than for the regional estimates, but no statistically significant differences were found between groups at any of the follow-up times (p > 0.05).
The changes over time in the pressure pain threshold after the interventions in both regional and remote testing have been visualized in Fig. 3 .
3/ If there is an effect, what is the duration of the regional and remote effect of spinal manipulation on the pressure pain threshold in asymptomatic subjects?
No statistically significant differences were found between the interventions over time at any of the testing sites. Hence, no duration of effect can be reported.
4/ If there is an effect
, what is the effect size of spinal manipulation on the pressure pain threshold in asymptomatic subjects over time at both regional and remote testing sites?
As there are no regional or remote effects reported, the effect size is irrelevant. 
Discussion
Summary of findings
Although several studies have been conducted on the subject, this is the first experimental study testing the effect of spinal manipulation on pressure pain threshold in asymptomatic subjects using a sham, which was shown to be valid with a post-intervention questionnaire. No effect was found for the pressure pain threshold in the area of the intervention (thoracic spine), nor in an area further away (lumbar spine) immediately after SM. Additional measurements were taken over 45 min, which did not change the results.
Comparison with literature
Our findings are in contradiction with a recent review on the same subject (the effect of SM in asymptomatic regions), which identified 19 studies measuring the PPT [8] . Only 13 of these compared SM with a sham procedure, of which 11 reported a positive effect. Two studies, similarly to us, tested thoracic SM; one with a positive effect. Although the authors of this review examined the general quality of the studies, they did not investigate the validity of the sham.
A second review, also with a positive conclusion in relation to SM in pain free study subjects, further investigated the quality of the sham [9] and found a positive effect in 5 of 8 sham-controlled studies. None of these sham interventions were validated after intervention. A major difference with other studies was, therefore, that our trial used a previously validated sham procedure that imitated a proper SM in all aspects expect in the area and direction of the thrust, as it was performed over the scapula in the plane of the thoracic cage [10] . Very importantly, we also confirmed with a post-intervention questionnaire, if study subjects had identified the 'effective' intervention from the 'ineffective' intervention, which they had not. These results are strengthened by similar findings in the literature but on study subjects with musculoskeletal problems. Thus a recent systematic review concluded that there was no effect of SM on the pressure pain threshold in people with musculoskeletal problems [18] A recent subsequent study, using the same sham as us with verification of blinding afterwards, also failed to identify an effect of SM on PPT in people with musculoskeletal problems [19] .
However, there are other methodological issues than the sham that have to be taken into account in a successfully randomized controlled clinical trial.
Methodological considerations concerning our study
Our previous systematic review [9] revealed that the most common methodological problems in this type of literature were the lack of blindness of statistician/ statistical analysis, the failure to report losses and exclusions, and, importantly, the absence of blindness of the subjects. Our study avoided these errors. We ensured the blindness of the statistician by de-identifying the intervention groups (called A and B). Missing values and exclusion of data were reported and explained, but too few to change the results. Concerning the blindness of the subjects, a particular potential problem of our study was that our subjects consisted of chiropractic students (potential recruitment bias). They were likely to have previous knowledge of SM and to have a desire to show 'positive' results in favor of SM. To counteract this, we included only first year students. Apart from the use of post-study questionnaires, as explained above, we made sure that they were blind to i) the real purpose of the study, ii) to the interventions, iii) to the allocation of the groups, and iv) to the PPT readings. Because the study subjects were all chiropractic students, even if this did not affect their ability to differentiate between intervention and sham, it is still possible that these results cannot be transposable to the general population. However, it could be argued that as the results were not in favor of SM, this recruitment factor would not have been significative in this study.
Other potential sources of error were also avoided by ensuring that the assessor was blinded to the type of intervention and that clinician and assessor were both experienced. Further, our PPT readings in the lumbar spine were found to be within the 'normal' range of values [20] , whereas we could find no literature on 'normal' values in the thoracic spine.
Other potential issues specific to the sham procedure
The validated sham procedure consisted of a pre-load tension with both hands on the medial part of the right scapula, followed by a 'thrust' to resemble as much as possible the real intervention. It could be argued that the 'thrust' movement on the scapula resembles too much a mobilization, with an active component capable of changing the pain perception in the subjects. However, the 'thrust' part was done on the scapula, i.e. outside the thoracic spine, and therefore could not be considered a form of spinal mobilization.
In our previous review [9] we theorized that a credible sham procedure should be acceptable both from a psychological point of view (subjects found naïve, and blind) and physiologically (the sham resembling the active intervention). Interestingly, we found in our previous review [9] that when the sham procedure was considered by us to be completely credible, the studies found positive results, with moderate general quality. In retrospect, this criterion may not have been sufficient, as it did not include an actual validation of the sham. In the light of our results, this previous definition seems not to have been sufficient. 
